Aims: To test the hypothesis that high-intensity interval training (HIIT) and moderate-intensity continuous training (MICT) improve brown adipose tissue (BAT) insulin sensitivity. flouro-2-deoxy-D-glucose positron-emission tomography in BAT, skeletal muscle, and abdominal and femoral subcutaneous and visceral white adipose tissue (WAT) depots before and after the training interventions.
Study of Diabetes, the Emil Aaltonen Foundation, the Hospital District of Southwest Finland, the Orion Research Foundation, the Finnish Diabetes Foundation, the Ministry of Education of the State of Finland, the Academy of Finland (grants 251399 and 256470), EU FP7 project DIABAT (HEALTH-F2-2011-278373), the Paavo Nurmi Foundation, the Novo Nordisk Foundation, and National Institutes of Health Grants R01-DK099511 and RO1-DK112283 (to L. J. G.), 5P30DK36836 (Joslin Diabetes Center DERC) and T32-DK-07260-038 (to R. J. W. M).
| INTRODUCTION
Brown adipose tissue (BAT) has an exceptional thermogenic potential attributable to mitochondrial uncoupling protein 1 (UCP-1). 1, 2 BAT is suggested to regulate energy balance in humans, and enhance glucose homeostasis and insulin sensitivity, and thus may be a potential therapeutic target for obesity and insulin resistance. 3, 4 BAT is activated by cold exposure, and other stimuli, including insulin. 5, 6 The effects of exercise training on BAT activity in humans are incompletely understood.
It is well known that regular exercise improves skeletal muscle insulin sensitivity and whole-body homeostasis. We have shown that high-intensity interval training (HIIT) and moderate-intensity continuous training (MICT) improve both whole-body and skeletal muscle insulin-stimulated glucose uptake. 7 Limited studies have investigated the effects of exercise on BAT glucose uptake in humans, and the data, thus far, have not been consistent. One study showed higher BAT glucose uptake in people with cancer who had higher selfreported physical activity compared with those who were sedentary. 8 Another study showed significantly lower cold-induced BAT glucose uptake in trained athletes compared with sedentary men. 9 Both of these studies, however, were cross-sectional investigations, and studies directly determining the effects of exercise training on BAT glucose uptake are lacking. In addition, while there has been considerable investigation into the effects of exercise training on glucose metabolism in humans, data on the effects of exercise training on fatty acid metabolism in white adipose tissue (WAT) and BAT have been much more limited.
The aim of the present study was to determine if exercise training alters insulin-stimulated glucose uptake in BAT. In addition, we determined if the intensity and duration of exercise training affected BAT metabolism. Sedentary middle-aged men (n = 18) completed 2 weeks of HIIT or MICT training. Pre-and post-training insulinstimulated glucose uptake and fasting free fatty acid (FFA) uptake were determined in BAT, WAT depots and skeletal muscle using 2- computed tomography (CT). We hypothesized that HIIT exercise training activates BAT, resulting in enhanced insulin-stimulated glucose uptake, and that MICT exercise training increases BAT activity to a lesser extent. Furthermore, we investigated whether BAT activity was related to metabolic profile. HIIT, n = 7 and MICT, n = 11; Figure 1A ,B). The present study is part of a larger study titled, "The effects of short-term high intensity interval training on tissue glucose and fat metabolism in healthy subjects and in patients with type 2 diabetes" (Clinicaltrials.gov #NCT01344928). 
| PARTICIPANTS AND METHODS

| Study design
| PET studies
The PET/CT images were acquired using GE Discovery TM ST System (General Electric Medical Systems, Milwaukee, Wisconsin). The participants fasted ≥12 hours before the PET studies, and avoided physical activity and both caffeinated and alcoholic drinks for 48 hours before the PET scans. More detailed information is provided in Appendix S1. Randomization (n =28)
Technical problems in FDG scan (n = 1) and FTHA tracer production (n = 3).
PET scanning
No supraclavicular PET scans (n = 7).
Technical problems in FTHA tracer production (n = 2). Drop out during the intervention (n = 1).
Technical problems in FTHA tracer production (n = 1). Drop out during the intervention (n = 2).
High BAT Glucose uptake ≥ 2.9 μmol/100g/min FDG (n = 6) FTHA (n = 5)
Technical problems in scan (n=1) and FTHA tracer production (n = 2).
Low BAT Glucose uptake ≤ 2.9 μmol/100g/min FDG (n = 12) FTHA (n = 10)
PET Scanning
Problems in FTHA tracer production (n = 1) 
| BAT mass calculation
The BAT mass was analysed by thresholding the voxels from all the potential sites of BAT (cervical, supraclavicular and axillary adipose depots) based on Hounsfield units (HU) in the CT image (-250 and -50 HU). All voxels above 2.9 μmol/100 g/min glucose uptake on parametric PET images were included. Lastly, the volume of all these voxels (cm 3 ) was converted into mass using BAT density of 0.92 g/cm 3 .
6,13,14
| Body composition
The MRI scans were carried out using Philips Gyroscan Intera Electronics, Kuopio, Finland) was used to measure body fat percentage. GmbH, Mannheim, Germany). LDL cholesterol concentration was calculated using the Friedewald formula.
| Other measurements
| Statistical methods
Descriptive statistics are given as model-based means and 95% confidence intervals (CIs). Normal distribution of the variables was assessed using the Shapiro-Wilk test, and logarithmic transformation was carried out for non-normally distributed values (glucose uptake data, muscle and abdominal visceral adipose tissue FFA uptake, BAT mass, insulin levels, HDL, IL-6, TNFα, whole-body resting energy expenditure and catecholamines). Statistical analyses were performed with hierarchical linear mixed models compound symmetry covariance structure, including 1 within-factor (training; before and after intervention in the whole group) interaction term (training*group; the HIIT and MICT groups behaved differently for the change in variable, with significant differences between the training modes) and (training*BAT; the high BAT and low BAT groups behaved differently for the change in variable, with significant difference between them).
Missing data points were accounted for by restricted maximum likelihood estimation within the linear mixed models. 3 | RESULTS
| Effects of HIIT and MICT
There were no differences in anthropometrics and glucose and lipid profiles between HIIT and MICT groups before the intervention (Table S1A ,B, Appendix S1). After training, aerobic capacity increased by 6% (training P = .0005), and this tended to be higher after HIIT (9.2%) compared with MICT (3.5%) training (training*group P = .06).
HIIT training lowered LDL cholesterol (training P = .0003; training*group P = .01), and tended to lower total cholesterol more than MICT training (training P = .002; training*group P = .06). Both training modes reduced whole-body fat percentage by 4% (training P = .0005) and visceral fat by 8% (training P = .009).
Training improved insulin-stimulated glucose uptake in the quadriceps femoris muscle (training P = .0009) and in femoral WAT, but training effect was not significantly different between the groups (training P = .02; Figure S1A ,B, Appendix S1). Training did not change the insulin-stimulated glucose uptake rate in BAT, abdominal subcutaneous WAT, or in visceral adipose tissue ( Figure S1B , Appendix S1).
Exercise training or training mode did not alter FFA uptake in muscle or BAT ( Figure S1C ,D, Appendix S1). FFA uptake tended to decrease in visceral adipose tissue (training P = .07; training*group P = .11) and in abdominal subcutaneous WAT, with a trend towards greater decrease after MICT than HIIT (training P = .08; training*group P = .06; Figure S1D , Appendix S1).
At baseline, BAT glucose uptake correlated inversely with body mass index (r = -0.55, P = .02), body weight (r = -0.61, P = .01), and waist circumference (r = -0.52, P = .03), and positively with HDL cholesterol (r = 0.62, P = .01). BAT glucose uptake also correlated with whole-body insulin sensitivity (M-value; r = 0.64, P = .004), quadriceps muscle glucose uptake (r = 0.47, P = .04), and visceral fat glucose uptake (r = -0.55, P = .02). A positive correlation was found between BAT FFA uptake and muscle FFA uptake (r = 0.73, P = .002).
| Participants with low and high BAT activity
Brown adipose tissue activity is highly variable between individuals and we have previously proposed that glucose uptake >2.9 μmol/100 g/min represents functionally active BAT during euglycaemic-hyperinsulinaemic clamp. 5, 6 All participants were, therefore, re-stratified into high BAT activity (n = 6) and low BAT activity (n = 12) groups, based on the baseline insulin-stimulated BAT glucose uptake threshold of 2.9 μmol/100 g/min (Figure 2A , B). 6 Compared with participants with low BAT activity, those with high BAT activity had lower body adiposity and leptin concentration, greater whole-body insulin sensitivity, and higher HDL cholesterol levels at baseline, suggesting a healthier metabolic phenotype (Table 1) . Participants with high BAT activity also showed lower IL-6 levels, but higher circulating MCP-1 levels.
During insulin stimulation, oxidation of carbohydrates was significantly higher in the high BAT than in the low BAT activity groups (Table 2) , which is consistent with better M-values. Despite the higher BAT glucose uptake, no difference was observed in BAT FFA uptake ( Figure 2D ), BAT mass, BAT radiodensity (Table 1) , or quadriceps muscle glucose uptake ( Figure 3A ) between groups at baseline. By contrast, visceral adipose tissue glucose uptake was significantly higher ( Figure 3B ), and quadriceps muscle FFA uptake tended to be higher in the high BAT than the low BAT activity group (P = .06, Figure 3C ).
| Exercise training changes substrate metabolism in participants with high BAT and those with low BAT
Two weeks of training decreased insulin-stimulated BAT glucose uptake in participants with high BAT activity, whereas there was no change in participants with low BAT activity (training*BAT P = .02; Figure 2B ,C).
By contrast, training decreased BAT FFA uptake in the low BAT activity group, but not in the high BAT activity group (training*BAT P = .01; Figure 2D ,E). There were also no changes in BAT mass or radiodensity (Table 1 ) before and after training. There was no association between the changes in BAT glucose uptake and changes in VO 2peak , or between the changes in BAT glucose uptake and M-value.
Exercise training resulted in similar increases in quadriceps muscle glucose uptake in participants with both high and low BAT activity FIGURE 2 A, Division of subjects into high BAT (circles) and low BAT activity groups (triangles) with a threshold of 2.9 μmol/100 g/min at baseline. B, BAT insulin-stimulated glucose uptake (GU) before (white bars) and after the exercise intervention (grey bars). C, Insulin-stimulated BAT glucose uptake in each individual in the high BAT group before and after the exercise intervention. D, Fasting FFA uptake in high BAT and low BAT activity groups before and after the exercise intervention. E, Fasting FFA uptake in each individual in the low BAT activity group before and after the exercise intervention. ##P < .0001, #P = .03 difference between the groups at baseline, † †P = .01, †P = .02 indicates whether high BAT and low BAT activity groups behaved differently for the change in variable, with significant difference between them (training*BAT) (training P = .0009, training *BAT, P = .25, Figure 3A) . By contrast, exercise-induced increases in glucose uptake in femoral WAT tended to be higher in the high BAT compared with the low BAT activity group (training P = .02; training*BAT P = .07; Figure 3B ). Training had no effect on muscle FFA uptake in either group ( Figure 3C ).
Interestingly, training affected IL-6 concentrations differently in the high BAT and low BAT activity groups, with the high BAT activity group having an increase and the low BAT activity group having a decrease in IL-6 (training*BAT P = .04; Table 1 ). Epinephrine concentrations increased in both groups after training (training P = .01, training*BAT P = .53; Table 2 ).
| DISCUSSION
We investigated the effects of short-term exercise training (HIIT and MICT) on BAT metabolism in sedentary men using FTHA and FDG PET/CT-scanning. Training increased aerobic capacity and muscle Log transformation was done to achieve normal distribution.
#P < .05, ##P < .01 and (#)P = .052 significant difference between groups in corresponding time point. P value (training) indicates the mean changes in before (pre) and post intervention measurements in the whole group, P-value (training*BAT) indicates whether high BAT and low BAT activity groups behaved differently for the change in variable with significant difference between them. Statistically significant values P < .05 are marked as bold.
insulin sensitivity, but, interestingly, decreased BAT insulin-stimulated glucose uptake in participants who had highly active BAT to start with. We also showed that participants with high BAT activity had a better metabolic profile compared with participants with low BAT activity before training.
To our knowledge, this is the first study in which BAT metabolism has been quantitated before and after a controlled exercise training intervention. Contrary to our hypothesis, we found that 2 weeks of exercise training decreases insulin-stimulated BAT glucose uptake in participants with high BAT activity before the intervention. Our results are in line with recent cross-sectional data,
showing reduced cold-stimulated BAT glucose uptake in athletes compared with sedentary subjects. 9 Notably, all the participants in the study by Vosselman et al. 9 seemed to have high BAT activity Abbreviation: REE, resting energy expenditure.
Values are means and 95% CIs.
a Log transformation was done to achieve normal distribution.
#P < .05 difference between groups in corresponding time point. P value (training) indicates the mean changes in pre and post measurements in whole group, P value (training*BAT) indicates whether high BAT and low BAT groups behaved differently for the change in variable with significant difference between them.
FIGURE 3 Differences between high BAT and low BAT activity groups in insulin-stimulated glucose uptake (GU) (A and B) and fasting FFA uptake rates (C and D) in muscle and different adipose tissue depots pre-and post-training. Data are means and (95% CI). #P < .0001 differences between the groups at baseline, *P = .02, **P = .0009 mean changes in pre-and post-measurements in whole group (training), †P = .02, † †P = .01 indicates whether high BAT and low BAT activity groups behaved differently for the change in variable, with significant difference between them (training*BAT). QF, quadriceps femoris muscle; WAT(A), abdominal subcutaneous WAT; WAT(F), femoral subcutaneous WAT; VIS, abdominal visceral adipose tissue based on 18-FDG uptake values measured using semi-quantitative standard uptake values. In the present study, instead of standard uptake values, we used quantitative dynamic PET data and performed an intervention study for sedentary participants. 16 While most BAT glucose uptake studies in humans use cold exposure, we studied BAT glucose uptake during hyperinsulinaemia, which has been shown to be associated with cold-induced BAT glucose uptake. 17 Insulin stimulation has been shown to increase BAT glucose uptake 5-fold compared with the fasting state at room temperature in people with functional BAT. 6 Indeed, it can be speculated that the participants with high BAT have higher BAT insulin sensitivity.
Although the intervention period in the present study was short, it markedly increased the aerobic capacity and the insulin-stimulated muscle glucose uptake (muscle insulin sensitivity). As BAT is an insulinsensitive tissue, we hypothesized that training would also improve the BAT insulin sensitivity (BAT glucose uptake during insulin stimulation).
Interestingly, the results showed that training decreased BAT glucose uptake in the group with higher BAT insulin sensitivity at baseline.
BAT is probably not a source of energy during exercise; thus, the question arises of why the human body would reduce BAT substrate uptake after training. We found no change in whole-body energy consumption and only a tendency towards improved whole-body insulin sensitivity; thus, to maintain whole-body homeostasis, one reason for the decreased BAT glucose uptake after the exercise training might be that the body decreases BAT glucose uptake in order to provide substrate to the increased skeletal muscle glucose uptake; 18, 19 however, when we tested skeletal muscle glucose uptake as a covariate, we found that the change in skeletal muscle glucose uptake did not explain the decrease in BAT glucose uptake.
In rodents, we have shown that exercise-trained rats have more glycogen in BAT compared with non-trained animals (Jessen and Goodyear, unpublished data). Thus, if this is also true in humans, the increased glycogen levels post-training may inhibit the insulinstimulated glucose uptake into BAT, explaining the observed reduction in BAT glucose uptake after the training in the present study.
In rats, 8 weeks of endurance training decreased BAT mass, UCP-1 expression, and BAT thermogenic activity. 20 Thus, it was suggested that the changes in BAT activity after exercise may be attributable to a decreased need for BAT heat production since, during exercise, working muscles produce excess heat. 20 In the present study, we did not find any correlation between BAT glucose uptake and BAT mass at baseline or a change in BAT mass after 2 weeks of training intervention.
The radiodensity of BAT is used as a marker of BAT intracellular triglyceride content. 21 Lower BAT radiodensity in overweight people with type 2 diabetes compared with healthy lean control subjects has been suggested to indicate a shift towards BAT lipid storage or a lipolytic dysfunction of BAT. 22, 23 Acute cold exposure increases BAT radiodensity, indicating a decrease in BAT lipid content. 21, 24 We did not find any change in BAT radiodensity, suggesting no exerciseinduced effect on BAT lipid content.
We found that exercise training increased skeletal muscle insulinstimulated glucose uptake, but not FFA uptake, which is consistent with previous data. 18 , 25 Here, we also found that insulin-stimulated glucose uptake increased in femoral subcutaneous adipose tissue, and the improvement tended to be higher in the HIIT than in the MICT group. Previously, moderate-or high-intensity exercise training has not been found to directly improve insulin-stimulated glucose uptake in the abdominal or femoral subcutaneous adipose tissue;
however, adipose tissue GLUT4 protein expression has been shown to increase in people with type 2 diabetes after 4 weeks of bicycle training 26 and previous cross-sectional studies show that endurance athletes have higher abdominal subcutaneous adipose tissue insulin sensitivity than untrained subjects. 27 It is noteworthy that, in the present study, the insulin-stimulated glucose uptake increased only in femoral subcutaneous adipose tissue and not in other fat depots.
Femoral subcutaneous adipose tissue is not involved in muscle contraction as such, but is located in close vicinity to the exercising muscles. It is possible, therefore, that exercising skeletal muscles releases myokines to local adipose tissue depots, 19 which may mediate local adipose tissue glucose uptake.
Interestingly, after stratifying participants based on our previously defined cut-off criteria for BAT activity, we found that those with high BAT and those with low BAT had clear differences in baseline characteristics before the training intervention. The high BAT group in the present study had lower body adiposity and visceral fat mass, along with markedly higher insulin sensitivity and HDL cholesterol concentration, which have all been shown to associate with BAT glucose uptake. 4, [28] [29] [30] [31] The high BAT group also had higher whole-body and muscle insulin sensitivity, as well as higher carbohydrate and lower fat oxidation during hyperinsulinaemia, indicating improved metabolic flexibility in changing from fat oxidation during fasting to carbohydrate oxidation during hyperinsulinaemia. These data support the concept that high baseline BAT activity may protect against adiposity and insulin resistance.
The high BAT group also had lower levels of IL-6 and leptin, possibly as a result of lower body adiposity and higher levels of MCP-1. IL-6
and MCP-1 are secreted from macrophages, among other tissues, and can have both pro-and anti-inflammatory effects. Elevated levels of these cytokines associate with insulin resistance and are seen in obesity and type 2 diabetes in humans. 32, 33 In line with previous studies, the high BAT activity group had lower levels of leptin compared with the low BAT activity group in the present study. 34 Indeed, the present study cannot determine whether high BAT activity contributes to a positive profile of adipokines or the opposite; however, the present study highlights that BAT can be a key player in metabolic regulation and a possible target for pharmacological treatment of insulin resistance.
In rodents, BAT has been shown to secrete IL-6, and exerciseinduced IL-6 activates subcutaneous adipose tissue beiging. 35 Stanford et al. 36 have shown that BAT transplantation into the visceral cavity in mice increased circulating IL-6 levels, which was accompanied by enhanced energy consumption, reduced adiposity and improved glucose homeostasis in the recipient wild-type but not in IL-6 knockout mice, indicating that these effects were IL-6-dependent. They hypothesized that the IL-6-dependent effects may lead to the promotion of lipolysis and increased insulin sensitivity in WAT and the heart through an increase in GLUT1 protein expression. 36 In contrast to our findings, Vosselman et al. 9 did not find a correlation between IL-6 and cold-induced BAT activity in humans. 9 Thus, the role of IL-6 in BAT metabolism and function in humans warrants further investigation.
In summary, the present study suggests that humans with active BAT exhibit a metabolically more favourable phenotype compared with those without active BAT. BAT appears to behave differently from skeletal muscle in response to short-term exercise training, decreasing insulin-stimulated BAT glucose uptake. Thus, exercise training may downregulate BAT glucose metabolism in humans. The physiological role for the decreased BAT activation with exercise training will be important to understand given the attention to developing novel activators of BAT for increased energy expenditure and weight loss. The number of participants in the present study was small, and further investigations are warranted to confirm its findings.
